We demonstrate the generation and detection of spin-torque ferromagnetic resonance in Pt/Y 3 Fe 5 O 12 (YIG) bilayers. A unique attribute of this system is that the spin Hall effect lies at the heart of both the generation and detection processes and no charge current is passing through the insulating magnetic layer.
Magnetic insulators such as Y 3 Fe 5 O 12 (YIG) with extremely low magnetic damping serve as promising platforms for low power data transmission [1] [2] [3] [4] . In YIG/Pt bilayers the groundbreaking discovery of magnetization dynamics generated by spin orbit torques of Pt contacts [5] opens up new opportunities for device concepts combining electronic, spintronic, and magnonic approaches. The spin orbit torques in heavy metals arise from the spin Hall effect (SHE) [6, 7] , which converts a charge current, J c , to a spin current, J s , with a conversion efficiency dictated by a materials specific parameter, i.e., the spin Hall angle, Θ S H [8] . The resultant spin current can drive spin-torque ferromagnetic resonance (ST-FMR) in bilayer thin films made from metallic ferromagnets and nonmagnetic metals [9] . In such experiments, FMR is driven by the simultaneous Oersted field and oscillating transverse spin current (spin-torque) transformed by SHE from the alternating charge current. Electrical detection is made possible via the spin-torque diode effect [11] , i.e., the rectification of the time dependent bilayer resistance arising from the anisotropic magnetoresistance (AMR) of the ferromagnet [13, 14] . However, such a detection scenario is not possible in magnetic insulators due to missing free electrons coupling to magnetic moments and, thus, the absence of AMR.
In this Letter, we show experimentally that the SHE of a paramagnetic metal can be used for both excitation and detection of ST-FMR for magnetic insulators. We demonstrate magnetization dynamics of a thin YIG layer induced by spin-torque from an adjacent Pt layer, as well as subsequent detection of a dc voltage via the spin-torque diode effect generated by the anisotropic spin Hall magnetoresistance (SMR) of the Pt [12, [14] [15] [16] [17] . It bears mentioning that the anisotropic resistance of metal films on top of ferromagnetic insulators, and interface effects in general [18] , are a very active topic and other mechanisms independent of the SHE such as interface proximity effects [19] and interfacial Rashba effects [20] are being explored as contributors. In this work, SMR refers to the dependence of the electrical resistance of the metal on the magnetization direction of an adjacent magnetic insulator and is a result of a simultaneous operation of the SHE and its inverse (ISHE) as a nonequilibrium phenomenon. Microscopically, this anisotropic behavior orginates from the dependence of the spin accumulations of conduction electrons at the YIG/Pt interface on the static YIG magnetization. For example, if the static magnetization is aligned with the spin current's polarization at the interface there is a large backflow [21] spin current; on the other hand, if the magnetization is orthogonal to the polarization a spin current is absorbed at interface, and consequently the interfacial spin accumulation is reduced.
Models of spin transport at the YIG/Pt interface that exclude proximity effects introduce the spin mixing conductance, G ↑↓ , to describe both the magnitude and phase of the interface spin current [22] . This concept has been probed in a comprehensive study [23] involving a suite experiments such as spin pumping [24, 25] , spin Seebeck detection [26] , and SMR measurements. It has also been shown that the value of G ↑↓ for a YIG/Pt interface is heavily dependent on sample fabrication and processing [27] . In these works the spin mixing conductance is typically described as being purely real. However, for YIG/Pt bilayers it has been theoretically suggested that a non-zero value of Im(G ↑↓ ) should be considered [28] . [3, 30] . The bilayers were subsequently patterned into microstripes in the shape of 500 µm × 100 µm by photolithography and liquid nitrogen cooled ion milling to remove all the YIG/Pt materials except for the bar structure. In a last fabrication step, square contact pads made of Ti/Au (3 nm / 120 nm) are patterned on top each end of the YIG/Pt stripe via photolithography and lift-off. We configured our set-up into a ST-FMR scheme that is illustrated in Fig. 1 (a) . A bias-tee is utilized to allow for simultaneous transmission of microwaves as well as dc voltage detection across the Pt. We modulate the amplitude of the microwave current at 4 kHz so that the ST-FMR dc signal is detected via a lock-in amplifier to improve signal to noise.
The coordinate system that we will reference throughout this work is shown in Fig. 1 (a) . The angle φ is in-plane and lies between the x and y axis. For our experiments φ was always set to 45
• .
The polar angle θ describes the applied magnetic field direction OOP, while the polar angle ψ is the calculated OOP component of the magnetization. Due to geometrical demagnetization fields ψ > θ; for a given θ and applied magnetic field ψ is determined from the following expression:
where M e f f is the effective magnetization of the YIG and H ex is the externally applied magnetic field.
To induce ST-FMR in the YIG we passed a fixed 5.5 GHz signal through the Pt while sweeping H ex at a fixed φ and θ. The nominal microwave power level was set to be 10 dBm. The dynamic response of the system is governed by a modifed LLG equation of motion [28] :
where H e f f includes the Oersted field, H ac , demagnetization fields, and the applied external dc field H ex . Additional quantities of importance are the intrinsic damping, α • and the spin current at the interface,
that originates from the SHE in Pt. Here G ↑↓ is the spin mixing conductance and µ s is the spin accumulation at the YIG/Pt interface. The oscillatory torque terms that drive the magnetization are the field from the microwave current in H e f f and the spin torque term that includes J s . The angular range that θ covered over the course of our experiment was 5
• -90
• in steps of 5
• . Figure 1 (b) plots every trace that was observed over the measureable angular range of θ. The OOP field
dependence of the resonances shown in (b) is plotted in Fig. 1 (c) . In order to extract the effective saturation magnetization of our YIG we fit ( Fig. 1 (c) ) the out-of-plane angular dependence to the generalized Kittel equation that is given by:
where γ is the gyromagnetic ratio taken as 2.8 GHz/kOe. The extracted effective magnetization is 4πM e f f = 1633 G. We note that this Kittel-like analysis does not account for magnetocrystalline anisotropy or exchange energy. For comparison, in a separate work involving the study of spin waves in other thin YIG films we measured 4πM e f f = 1553 G [31] .
To explain our experimental observations, we employ a theory developed by Chiba et. al. a dc voltage at and near the FMR condition [9] . For YIG/Pt the magnetoresistance resides in the Pt and is the SMR [12, 15, 16] . Additionally, spin pumping at the YIG/Pt interface can inject a spin current into the Pt that can be converted to a dc charge current via the ISHE.
The theoretical model [28, 32] predicts that the voltage generated by spin pumping has a purely symmetric lineshape about the resonance condition, and that the voltage induced by SMR also has a symmetric contribution. Furthermore, the SMR contribution has an antisymmetric contribution to the lineshape as well. This model [32] was recently expanded to include a non-zero imaginary part of G ↑↓ , a phase shift parameter, δ, between the charge current J c and H ac , and an OOP applied dc Oersted field [28] . δ should be considered to be a property of a given device and, for a fixed excitation frequency, should be constant. The addition of the non-zero imaginary part of G ↑↓ along with the phase shift parameter δ allows for additional tunability in the net amplitude of both the antisymmetric as well as the symmetric contribution to the lineshape.
According to theory, the lineshapes of a ST-FMR experiment for a YIG/Pt bilayer have the following functional forms [28] :
+ A 3 sin φ sin 2φ sin 2θ (5)
V S P = S 3 cos φ sin 2φ sin θ + S 4 sin 3 φ cos θ sin 2θ + S 5 sin φ sin 2φ sin 2θ, (6) where V S MR arises from SMR and V S P is from spin pumping. eters not yet mentioned are contained within these coefficients; they are the Pt resistivity ρ, and the spin diffusion length λ. In our analysis we use λ = 1.2 nm; this value was determined for Pt by spin pumping experiments in Py/Pt bilayers [34] . S 3 − S 5 are spin pumping coefficients that are similarily proportional to J 2 c and depend on the same quantities listed above for the SMR terms. Complete expressions for these coefficients can be found elsewhere [28] .
In our analysis there are three fitting parameters assumed to be independent of θ: Θ S H , J c , and δ. We did not directly assume that the magnitude or complex composition of G ↑↓ was independent of θ. Because we have previously measured the Θ S H of Pt to be 0.09 we analyze our data with this value in mind [34] . In other ST-FMR experiments the paramater δ has been assumed to be zero, therefore we will begin our discussion by following this example [9, 10] . This leaves us with fixing the magnitude of J c . Because the magnitude of G ↑↓ is free we found various values of J c could be used with reasonable G ↑↓ counterparts. In fact, these two parameters are strongly anti-correlated.
However, we found that a given J c does not ensure that the magnitude of G ↑↓ remains constant over all θ. We typically see an increase in the magnitude of G ↑↓ as the field is tipped OOP. With Θ S H , J c , and δ fixed we proceeded to investigate the magnitude and complex behavior of G ↑↓ as a function of θ. Fig. 2 (a) shows the θ dependence for our first set of assumptions as circles. The complex behavior of G ↑↓ is plotted in Fig 2 (b) where the Re(G ↑↓ ) is indicated as squares and the Im(G ↑↓ ) is shown as circles. Here, one sees that the composition of G ↑↓ is purely
• . This region is indicated as II in the plot. For small values of θ (
< 35
• ) the composition begins to flucuate. This region is indicated with a I and is shaded blue in Fig. 2 . As seen in Fig. 2 (b) , for the smallest values of θ, G ↑↓ settles on having real and imaginary components with similar magnitude.
Previously reported experiments, where the applied magnetic field is in-plane, report that G ↑↓ is mainly real, which is not consistent with our analysis. A possible explanation may involve the parameter δ. In fact, δ has been used in a similar ST-FMR experiment where the in-plane field configuration and a near out-of-plane measurement was performed while G ↑↓ was assumed to be real [33] . If we allow δ to vary we find that for a value of δ = 52
• we had a local maximum in the ratio of Re(G ↑↓ )/|G ↑↓ |, at θ = 90
• , as a function of δ. Therefore, we believe that a large phase shift between the microwave current and the microwave field exists making the analysis with a non-zero δ more appropriate. With this new value of δ, and with the same value of J c and Θ S H as before, we performed again the θ dependent analysis. The dependence that G ↑↓ has on θ with this non-zero δ is shown in fig. 2 (b) plotted as squares. Fig. 2 (c) shows the complex composition of G ↑↓ for this non-zero δ. In contrast to before, for region II, G ↑↓ is mostly real with little flucuation in the angular range θ = 35
• . However this behavior does not persist; we again we see that in region I, where the field approaches a OOP configuration, both the real and imaginary part of G ↑↓ become appreciably non-zero.
One conclusion from the above discussion is that the parameter space used in fitting ST-FMR lineshapes in a YIG-Pt bilayer is not well enough constrained. To illustrate this point we show the model's flexibility in Fig. 3 . Here, we have plotted the model predictions directly on top of the data for both the zero and non-zero δ analysis and we have also chosen representative traces from both region I and region II. What does emerge is that independent of the assumptions used, for θ The ST-FMR paradigm has been studied with great intensity for spin Hall metal/ferromagnetic bilayers where the ferromagnet is a conductor. The present work shows that it can be successfully extended to insulating FM materials. Furthermore, it is clear that in addition to an Oersted microwave field torque from the Pt strip line, an additional spin torque from spin accumulation at the Pt/YIG drives the dynamics as well. This particular conclusion is bolstered by a good agreement with theory that includes such spin torques. A very interesting property of bilayers with ferromagnetic insulators such as YIG is that the longitudinal voltage generated along the Pt when ST-FMR is taking place is created by effects that all trace their origin back to the SHE. These detection mechanisms set this work apart from metallic ferromagnets where mixing of the microwave current with the AMR of the ferromagnet itself leads to a measurable voltage. In this work we have also have realized a recently proposed model [28] that describes ST-FMR voltages in YIG/Pt bilayers. We highlight that in order to adequately model our data over the full angular range, the value of Im(G ↑↓ ) was found to be an appreciable quantity for applied magnetic fields where the Signal (nV) Signal (nV) fig. 2 . The black data points are densely packed together. The total theoretical fit is plotted in red, while the two contributions to the total, spin pumping and SMR, are plotted in blue and green respectively. magnetization is sizably tipped OOP.
